In (Fe, Ni)-Cr-C alloys, with Fe replaced by 25 mass%Ni-70 mass%Ni in high-chromium cast irons, the effects of Ni content on the solidification structure, solidification sequence, and liquidus surface diagram were investigated.
Introduction
High-chromium white cast irons are preferred for use in abrasion-resistant parts in mineral pulverizing and steel rolling mills because hard M 7 C 3 eutectic carbides are distributed in a Fe-base matrix. Because the matrix in highCr cast iron is insufficient for high-temperature resistance and oxidation resistance, however, the characteristics of the matrix at elevated temperatures must be improved to expand its application.
From the viewpoint of high-temperature wear resistance, high-Cr cast iron could be a useful material with both excellent abrasion wear resistance and oxidation resistance at elevated temperatures if high-temperature properties of the matrix were improved through addition of alloying elements and heat treatment.
Both Ni-base and Co-base super alloys are well known to have superior high-temperature and oxidation resistance. [1] [2] [3] [4] [5] High-Cr cast iron has no existing matrix in super alloys. For that reason, the high-Cr cast irons cannot be expected to have good wear resistance at elevated temperatures. It is expected that high-temperature properties of the matrix of high-Cr cast iron could be improved if Ni were substituted for Fe. No reports in the literature describe high-Cr cast iron in which an alloying element is added to improve the matrix structure for high-temperature and oxidation resistance.
In this study, a large amount of Ni was added to high-Cr cast irons to clarify the effect of Ni content on the matrix structure, solidification sequence, and the liquidus surface diagram.
Experimental Procedures
The chemical compositions of specimens are presented in Table 1 . The Ni content was adjusted to 25, 50, and 70 mass%; the Cr content was changed within 10-36%. The C contents were also varied from 1.0-4.5% so that chemical compositions from hypoeutectic to hypereutectic were obtained. Charge calculation for each specimen was conducted using raw matenals such as mild steel, pig iron, ferroalloys, and pure metals. The charge materials were melted at 1773 K using a Tunnman furnace and then poured into a CO 2 sand mold preheated at 473 K and a metal mold with cavity size of 10 Â 300 mm for thermal analysis and quench tests. The cavity size and cross-section of view of the CO 2 mold are portrayed in Fig. 1 . The observation and identification of solidification structure were done using optical microscopy (OM), X-ray diffraction (XRD) and energy dispersed spectrometry (EDS). Specimens colored using Murakami's reagent were used for optical microscopy; a deep-etched specimen was used for XRD.
To investigate the solidification sequence of specimens, each specimen (50 g) was remelted at 1773 K in a highfrequency induction furnace under Ar atmosphere. Then thermal analyses were conducted at the cooling rate of 0.5 K/s. To observe the variation of the microstructure during solidification, some specimens were quenched into water at several temperatures during solidification. The precipitated phases and solidification sequences of specimens were determined using OM, XRD, and EDS. Furthermore, the liquidus surface diagrams of (Fe,Ni)-Cr-C pseudo-ternary system in each Ni level were constructed based on the kinds of primary phases identified. The phase diagrams constructed from these experiments are discussed through comparison with those calculated using software (Thermo-Calc; ThermoCalc Software AB). 6) 
Experimental Results and Discussion
3.1 Relation between chemical composition and microstructure As an example, the variation of as-cast microstructures of Fe-25%Ni-30%Cr-C and Fe-70%Ni-25%Cr-C alloys while changing the C content from 1.6 to 2.8% are presented in Fig. 2 .
The structure consists of primary phase and eutectic constituents for specimens with low-C content and hypoeutectic composition. The amount of primary phase decreases with increased C content; then the eutectic structure is obtained at C content of about 2.0% for 25%Ni alloy and exactly 2.4%C for 70%Ni alloy. In specimens with high-C contents of hypereutectic composition, hexagonal compounds were precipitated as primary phase. These compounds' shapes resemble those of primary M 7 C 3 carbides observed in high-Cr cast irons. [7] [8] [9] The Ni does not form carbide. Therefore, it is assumed that the carbides precipitated as either primary or eutectic are possibly M 7 C 3 type.
To identify the precipitated phases, XRD and EDS were used for hypereutectic specimens with 25%, 50% and 70%Ni. The specimens were etched deeply by an etchant (5 g FeCl 3 + 10 ml HNO 3 + 3 ml HCl + 87 ml ethanol). The matrix near the specimen surface was dissolved away. The XRD pattern was taken using a special sample folder that can rotate and tilt the specimen. The obtained peaks were -Fe, M 7 C 3 , and M 23 C 6 carbides. The peak of M 7 C 3 carbide was particularly strong. Table 2 presents elemental concentrations of carbide phases and matrix phases in each specimen as obtained by EDS analysis. The Cr contents in the primary and eutectic carbides are 71-88%; the Ni content is lower than the Cr content. In the matrix, the Cr content is low and Fe and Ni contents are high. In both phases, the Fe content decreases and Cr content increases concomitantly with increased Ni content. A change of Cr content in the matrix changes slightly and that of Fe content is large when Ni content changes greatly. Therefore, it can be said that the added Ni is mostly substituted for Fe. The partition coefficient (k) of each alloying element to primary and M 7 C 3 carbide was calculated using Thermo-Calc software for Fe-Ni-25%Cr-C alloys. The relation between the partition coefficient and Ni content is presented in Fig. 3 . Even if the Ni content increases to 70%, the partition coefficients of alloying elements to primary ( , , , ) change little. They show an almost identical value to that of plain Fe-Cr-C alloy without Ni. Regarding the partition coefficient of each element to primary M 7 C 3 , k C ( ) is the same as that of FeCr-C alloy (k C ¼ 2:51), irrespective of Ni content. On the other hand, k Ni ( ) and k Fe ( ) to primary M 7 C 3 increase slightly with increasing Ni content, although k Cr ( ) to primary M 7 C 3 carbide increases considerably from 2.29% to 2.84%. The reason why Cr contents in primary M 7 C 3 carbide increased from 73.28 to 87.63% as Ni content changes from 25 to 70% is explainable from this increase of k Cr associated with Ni content.
Solidification sequence
Thermal analysis curves of Fe-25%Ni-30%Cr-C alloys with hypoeutectic and hypereutectic compositions are depicted in Fig. 4 . Solidification of 1.5%C alloy proceeds in the order of primary and (+M 7 C 3 ) eutectic, whereas primary M 7 C 3 precipitates first, followed by (+M 7 C 3 ) eutectic in the 2.5%C alloy. Each solidification sequence resembles that of Fe-Cr-C alloy. In some alloys, the graphite is produced by a reaction of L!(+Graphite) eutectic from the residual liquid during the (+M 7 C 3 ) eutectic reaction.
Although the small peaks of M 23 C 6 carbide appeared on the XRD chart, the exothermic point of M 23 C 6 precipitation does not appear on the thermal analysis curve; it can also not be found in the solidification structures. The reason might be that the M 23 C 6 carbide precipitates on the mode of cooling after solidification. Figure 5 portrays a relation of primary and eutectic temperatures as determined from the thermal analysis curves vs. Cr contents of Fe-25%Ni-Cr-C alloys. Figure 6 shows the temperatures vs. C content. The eutectic lines drawn in both figures are determined from eutectic temperatures of the specimens with a eutectic structure. The eutectic temperature rises with an increase in Cr content up to 25%. When the Cr content increases to greater than 25%, the rise in temperature becomes gradual. In contrast, the eutectic temperature decreases with increasing C content; it does so abruptly with C contents of more than 3%. These results show that the eutectic temperature decreases from the composition of low-C-high-Cr to that of high-C-low-Cr.
Regarding the Cr content, the eutectic temperatures appear to be higher in hypoeutectic alloy ( ) and lower in hypereutectic alloy ( ) than those of eutectic alloy. When related to the C content, on the other hand, the eutectic Fe-25%Ni-Cr-C alloys temperatures are lower in hypoeutectic alloy ( ) and higher in hypereutectic alloy ( ) than those in eutectic alloy. The reason is explainable using the schematic diagrams presented in Fig. 7 . In diagram (a), which shows the relation of temperature vs. Cr content, both primary ( ) and (+M 7 C 3 ) eutectic ( ) temperatures of hypoeutectic alloy are higher than that of eutectic alloy at the same Cr content.
Because the partition coefficient of Cr to primary (k Cr ) is less than 1, the Cr content in the residual liquid is enriched as the primary grows. That is, the Cr content moves in the direction of an arrow ( ). Then the eutectic temperature that increases because of the Cr content comes the point at which the arrow crosses the eutectic line. In other words, this point is the eutectic temperature of a hypoeutectic alloy with the same Cr content of which the temperature is high at ÁTðKÞ from that of the eutectic alloy with same Cr content.
In relation to the C content shown by (b), the C content in the residual liquid is also enriched with growth of primary because the partition of C to primary (k C ) is less than 1. Therefore, the C content of residual liquid changes in the direction of an arrow ( ); a eutectic temperature at the point where the arrow and the eutectic line cross each other is obtained. Consequently, the eutectic temperature of hypoeutectic alloy is low at ÁT from that of the eutectic alloy with the same C content.
Regarding hypereutectic alloys, the partition coefficients of Cr and C to primary M 7 C 3 carbide (k
M7C3
Cr and k M7C3 C , respectively) are larger than 1, so the concentration of Cr and C in the residual liquid decrease with growth of the primary M 7 C 3 carbide. As a result, the actual eutectic temperatures are obtained at the points of low Cr and low C content.
The precipitation of graphite after the (+M 7 C 3 ) eutectic solidification might occur because of both the decrease in Cr, which is a strong carbide former, and the increase in C and Ni, which are strong graphite forming elements in the final liquid.
9)

Liquidus surface diagram of Fe-Ni-Cr-C alloys
The liquidus surface diagrams of Fe-25-70%Ni-Cr-C alloys were constructed judging from as-cast microstructures of specimens varying C and Cr content widely. The diagrams are shown in Fig. 8 to Fig. 10 . Symbols of , , in the figures respectively represent the microstructures with hypoeutectic, eutectic and hypereutectic composition. Solid symbols of , and denote specimens confirmed as including some graphite.
It is natural that graphite crystallizes in the liquid with high-C and low-Cr composition. Additionally, it is understood that the region of graphite crystallization will expand with an increase in Ni content because Ni is a graphiteforming element.
In each diagram, the (-M 7 C 3 ) eutectic line judged from a microstructures is drawn as a dashed line; that calculated using Thermo-Calc software is shown as a straight line. The eutectic line of Fe-Cr-C ternary alloy by Jackson 11) is shown as a broken line in this figure. Through comparison of the experimental results with calculated results, both eutectic lines are similar in Fe-25%Ni-Cr-C alloy, although they differ slightly from Fe-Cr-C alloy. In Fe-Ni-Cr-C alloys substituting 50% and 20% Ni for Fe, both eutectic lines are separated approximately in parallel. The gap is larger in the specimen with more Ni. In Fe-50%Ni-Cr-C alloy, as shown in Fig. 9 , the calculated eutectic line shifts to the low-Crlow-C side. Fe-25%Ni-Cr-C alloys The C content of eutectic composition is varied according to the Ni and Cr contents. Therefore, the relation between C content of eutectic composition and Ni content in each Cr level is shown in Fig. 11 . It is estimated from the crosssectional phase diagram of Fe-Cr-C alloy 12) that the C content of the eutectic shifts to the low-C site when the Cr content increases. The C content of eutectic composition decreases gradually in each Cr level with Ni content to 50%, but it increases conversely with more than 50%Ni. Here, the C content of (-graphite) eutectic composition is obtained from the liquidus phase diagram of Fe-Ni-C ternary alloy by changing Ni content.
13) The relation of C and Ni contents at eutectic composition is also shown as a dashed line in Fig. 11 . In Fe-Ni-C alloys, the C content of the eutectic decreases with increased Ni content until 70%; it increases with more than 70%Ni. This tendency resembles that of FeNi-Cr-C alloy. The reason for this change remains unexplained, but this might occur in cast iron with Ni.
Diagrams of alloys with the same systems were estimated using Thermo-Calc. They are shown as solid lines in Fig. 8 to Fig. 10 . In the 25%Ni system (Fig. 8) , the (-M 7 C 3 ) estimated eutectic line resembles the experimental one, but a slight difference is apparent between them at the high-Cr region. Nevertheless, a clear difference is apparent between experimental and calculated eutectic lines in alloy systems with 50%Ni and 70%Ni, as shown respectively in Fig. 9 and Fig. 10 . The calculated eutectic line shifts to high-Cr-high-C site from the experimental line. Furthermore, when the amount of Ni increases to 70%, the calculated eutectic line moves to a low-Cr-low-C site from the experimental line and the difference between two eutectic lines is expanded. These differences might arise from an inappropriate database of Ni alloy used for this calculation at the high-C site. In Fe-Ni-Cr-C alloy, however, graphite precipitates in the primary area instead of Fe 3 C in the Fe-Ni-Cr-C diagram shown in Fig. 8 . Considering this fact, the calculated results closely resemble the experimental results. It is apparent that the graphite crystallized preferentially because of the fact the temperature of -M 3 C eutectic dropped and that of -graphite eutectic closed by the addition of Ni. 14) As described above, it is possible that the results calculated using Thermo-Calc are useful for understanding the solidification of Fe-Ni-Cr-C alloys.
Because the graphite crystallizes at high-C-low-Cr site in these alloys, results show that the precipitation of graphite occurs even in 10-15%Cr cast irons through addition of Ni, although it is not found to occur in plain high-Cr cast irons because Cr is a strong carbide former. Figure 12 depicts effects of Ni, C, and Cr contents on the borderline of graphite formation. The borderline shifts clearly to the low-C-high-Cr site as the Ni content increases.
Conclusions
To change the matrix in high-Cr cast iron, Ni was added to cast iron up to 70% as a substitute for Fe. The effects of Ni substitution for Fe on the solidification structure and the liquidus surface diagram were investigated. The obtained results can be summarized as follows.
(1) Microstructures of these alloys comprise austenite () and M 7 C 3 carbide. They resemble those of high-Cr cast iron. The microstructure is changed only slightly by addition of Ni. (2) In primary , the Ni concentration increases and Fe concentration decreases with increased Ni addition, although Cr concentration changes slightly. The effect of substitution of Ni on partition coefficients of alloying elements to primary is small. (3) In primary and eutectic M 7 C 3 carbide, the Cr and Ni contents increase and Fe content decreases with increasing Ni addition. The partition coefficient of Cr to M 7 C 3 carbide is increased greatly, whereas those of other elements are changed only slightly as the content of Ni is increased. (4) The (+M 7 C 3 ) eutectic temperature rises to 20%Cr, but the temperature increase becomes slight with contents greater than 20%Cr. In contrast, the eutectic temperature decreases gradually to 3%C and the degree of decrease declines at contents greater than 3%C. (5) As the Ni content increases, the (-M 7 C 3 ) eutectic line shifts to the low-C side with Ni contents and the borderline existence of graphite shifts to the composition of low-Chigh-Cr. (6) The (-M 7 C 3 ) eutectic line and the borderline of graphite crystallization estimated using Thermo-Calc software closely resemble those confirmed through experimental results. 
